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Coherent manipulation of single-photon wave packets is essentially important for optical quantum
communication and quantum information processing. In this paper, we realize controllable splitting
and modulation of single-photon-level pulses by using a tripod-type atomic medium. The adoption
of two control beams enable us to store one signal pulse into superposition of two distinct atomic
collective excitations. By controlling the time delay between the two control pulses, we observe
splitting of a stored wave packet into two temporally-distinct modes. By controlling the frequency
detuning of the control beams, we observe both temporal and frequency-domain interference of the
retrieval signal pulses, which provides a method for pulse modulation and multi-splitting of the
signal photons.
PACS numbers: 42.50.Gy, 42.25.Hz, 42.79.Fm, 03.67.Hk
Techniques for tailoring the dispersion of materials,
especially the electromagnetically induced transparency
(EIT) method, enable us to control light propagation
better than before and inspire lots of applications in
quantum optics and atomic physics [1, 2]. The ordinary
EIT structure is a three-level atomic system interact-
ing with two laser fields, named the signal and control
light. By dynamically decreasing/increasing the control
light power, coherent state of the signal photons could be
transferred into/from the atoms, described as the atom-
photon dark-state polaritons [3, 4]. For now, EIT has be-
come an important method for photonic quantum mem-
ory—an essential component of quantum information
science [5, 6]. Furthermore, coherent control of the spinor
polaritons would lead to numbers of useful quantum state
engineering.
Particularly, a tripod-type four-level EIT scheme,
which offers more freedom and possibilities for photon
storage and manipulation, has drawn significant atten-
tions in the last few years [7–19]. In the tripod-EIT con-
figuration, three ground atomic levels are coupled with an
excited level by two signal fields and one control field [15]
or one signal field and two control fields. As there exist
a pair of orthogonal dark-state polaritons, whose coher-
ence depends on the amplitude and phase of the control
fields, beam splitting of a signal pulse could be achieved
based on this tripod-type photon storage [13, 17]. In
comparison with other beam-splitting methods [20–22],
the tripod-EIT scheme highlights the simplicity and high
degree of controllability. For instance, in a former ex-
periment that using rapid coherence transport in a wall-
coated atomic vapor cell [21], ratio of pulse splitting is
rather difficult to control effectively. Besides, the tripod-
EIT scheme offers a novel way for the modulation of
single-photon wave packets [23], which would greatly
benefit quantum information processing of the photonic
qubits.
By now, in the previous tripod-EIT experiments [15,
18], constructive and destructive interference of the two-
component dark-state polaritons has been observed, e.g.,
experimental demonstration of dual-channel memory and
compensation of Larmor precession by adjusting the rel-
ative phase between the two reading beams [18]. Yet the
signal pulses in all these experiments are strong classical
light, and no well-separated temporal splitting and mod-
ulation of single-photon-level pulses has been achieved,
which is important for the photonic time-bin qubit gener-
ation and manipulation. In this paper, by using a tripod-
EIT medium, we experimentally map a signal pulse in
the single-photon regime into two atomic spinwave exci-
tations, and demonstrate a time-bin beam splitter for the
retrieved signal photons by switching on the two control
fields at different time instants. Furthermore by chang-
ing the detuning of the control fields, we also observe the
temporal and frequency-domain oscillation of the signal
photons during the retrieval process. This technique pro-
vides us a method to modulate the signal pulse shape,
and thus could improve quantum interference between
the photonic qubits and interactions with atoms. Such
controllable temporal modulation and multi-mode split-
ting of the photonic wave packets in our system may find
applications in quantum information processing and com-
munication, especially for the robust time-bin quantum
communication architecture [24–26].
As shown in Fig. 1(a), we label the tripod-type atomic
structure with one excited state |a〉 and three indepen-
dent ground states |b〉, |c1〉 and |c2〉. All the atoms are
initially located in the ground state |b〉. A signal quantum
field Eˆs is resonant with the atomic transition |b〉→ |a〉,
satisfying the single-photon detuning δs = 0 MHz. An-
other two strong control fields, with the Rabi frequencies
Ωc1 and Ωc2, are related to the transitions |c1〉→|a〉 and
|c2〉 → |a〉 respectively. Assuming the single-photon de-
tuning of the control fields δc1 = δc2 = 0 MHz, we get
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Figure 1. (color online). (a) Scheme of the tripod-EIT energy
levels. The atom ensemble is coupled with one quantum signal
field Eˆs and two strong control fields with the Rabi frequen-
cies Ωc1 and Ωc2, where the atoms are initially in the ground
state |b〉; (b) Time sequence of the photonic time-bin beam
splitter. First, a signal photon pulse is coherently stored in
the atomic spinwave excitations while Ωc1 and Ωc2 are adi-
abatically switched off at the same time. Then the stored
signal photon is time-entangled by successively switching on
these two control fields.
the steady eigenstate of the atom-photon polaritons as
following [13],
Ψ=cos θEˆs−
√
N sin θ(sinφe−iϕ
0
c1 σˆbc1+cosφe
−iϕ0c2 σˆbc2),
(1)
where tan θ =
√
Ng/ |Ω|, g = √h¯ω/20V , N is the to-
tal atom number, and Ω is Rabi frequency of the con-
trol fields, |Ω|2 = |Ωc1|2+|Ωc2|2. The atomic component
of the polaritons has two spinwave excitations σˆbc1 and
σˆbc2, where tanφ = Ωc1/Ωc2, and ϕ0ci (i = 1, 2) is the
phase of the control field Ωci that transferred onto the
atoms. During the EIT storage process, the signal pho-
ton is mapped into these two spinwave excitations which
behave as an atomic qubit and are completely determined
by the control fields. As shown in Fig. 1(b), a time-bin
superposition state can be generated by successively re-
trieving the two atomic excitations σˆbc1 and σˆbc2 at a
storage time t1 and t2,
|Φ〉t1,t2 =sinφ |1t10t2〉+cosφeiδϕc |0t11t2〉 , (2)
where the relative phase, δϕc = ϕt1c1−ϕt2c2+ϕ0c1−ϕ0c2, is
determined by the two control fields.
In the experiment, the tripod-type system is a 87Rb
cold atomic ensemble loaded by the magnetic opti-
cal trapping (MOT). The stray magnetic field is com-
pensated with three orthogonal Helmholtz coils. All
the atoms are initially prepared in the degenerate
ground state
∣∣5S1/2, F =1〉, with an optical depth about
1.3(1) corresponding to the D1-line transition |F =1〉→
|F ′=1〉. As shown in Fig. 2(a), a right circularly polar-
ized (σ+) signal pulse, with an envelope of Eˆs, is resonant
of the transition |F =1〉→|F ′=1〉; and there is less than
one signal photon per pulse on average. Two strong con-
trol fields, that of left and right circularly polarization
(σ∓) respectively, are resonant or near resonant of the
D1-line |F =2〉 → |F ′=1〉, connecting the signal pulse
(a)
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Figure 2. (color online). (a) The 87Rb atomic levels of the
tripod-EIT configuration; (b) Schematic of the experiment
setup.
with two sub-Zeeman levels of the ground state |F =2〉.
The signal and control fields, from two laser diodes,
are phase-locked with each other. Clearly, there ex-
ist two independent groups of the tripod-EIT structure,
connecting the Raman coherence |F =1,mF =−1〉 ↔
|2,−1〉& |2,+1〉 and |1, 0〉↔ |2, 0〉& |2,+2〉 respectively.
The three light beams are arranged in the same hori-
zontal plane, as shown in Fig. 2(b). The signal pulse
is sent through the atoms, with a beam waist diameter
∼600µm, and detected by a single photon detector. The
two control fields are forward propagating with a small
angle of the signal field, and beam diameters of them are
∼2 mm, to cover the whole signal beam. Time resolution
of the measurement system is 2 ns, thus we could obtain
pulse shape of the signal photons.
First, we verify time-bin splitting of the signal photons
in memory. All the three laser beams are resonant with
their relative atomic transitions. Time sequence of the
experiment is shown in Fig. 1(b), with the same general
strategy in [18]. At the begining, the control fields Ωc1
and Ωc2 are simultaneously switched off to map a signal
pulse into the atomic spinwave excitations. After a stor-
age time 0.5µs, one control pulse Ωc1 (Ωc2) is switched
on again, lasting 1µs to retrieve the corresponding spin-
wave excitations. Subsequently, the second control pulse
Ωc2 (Ωc1) is on for another 1µs to retrieve the rest of the
atomic excitations. This means that the storage time
of the first retrieval component is 0.5µs and the second
1.5µs.
Based on theoretical discussion above, beam splitting
is related to the control field power. The weight of
the spinwave components σˆbc1 and σˆbc2 in the polariton
Ψ, depends on the Rabi frequencies Ωc1 and Ωc2. In
Fig. 3(a), we show the temporal splitting of the retrieved
signal pulses. There are four settings of the control laser
power, that changing the control pulse power Ωc2 while
keeping Ωc1 constant at 100µW. As atoms in our system
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Figure 3. (color online.) (a) Pulse shape of the retrieved sig-
nal photon splitting, where the y-axis is the statistic retrieved
photon count per pulse. From the front to back of the three
subgraphs, time sequence of the control fields during the re-
trieval process are, (i) both Ωc1 and Ωc2 on at the storage time
0.5µs, (ii) Ωc1 on at 0.5µs and Ωc2 at 1.5µs, and (iii) vice
versa. In each subgraph, laser power of the control field Ωc2
is varying, while Ωc1 keeps constant of 100µW; (b) Splitting
proportion of the retrieved signal pulses, corresponding to the
setting (iii) in (a). The x-axis is the ratio of the laser power
between the two control fields; and the y-axis is the photon
splitting proportion η=nc2/nc1, where nc1 (nc2) is the total
photon counts retrieved by the control field Ωc1 (Ωc2). The
red solid line is linear fitting of the experimental results, and
the slop of the grey dashed line equals one.
are equally distributed in the ground Zeeman states, if
we open the field Ωc1 first, the stored signal photons by
different control fields could be retrieved independently
in time sequence, as shown in Fig. 3(a)ii. But if we open
Ωc2 first, part of the signal photons stored by Ωc2 would
be destroyed. This could be avoided if we optically pump
all the atoms into a single Zeeman state. From envelope
of the retrieved wave packets shown in Fig. 3(a), propor-
tion of the signal pulse retrieved by Ωc1 is dropping while
increasing the laser power Ωc2. Compared with former
demonstration of dual-channel selective retrieval [18], we
have successfully retrieved the two stored photon com-
ponents in sequence. Furthermore in order to see clearly
the beam splitting effect, we calculate the retrieval pro-
portion η for different settings of the control laser power
in Fig. 3(b). The grey dashed line corresponds to the
ideal situation that the storage efficiencies of the signal
photons induced by the two control fields are the same.
Because group velocity of the signal pulse vg ∝ |Ω|2, the
EIT storage efficiency decreases while the control light
power is too strong. Thus for large laser power of the
control field Ωc2, the proportion η is below the value of
|Ωc2/Ωc1|2.
By tuning the relative Rabi frequencies of the two con-
trol pulses, we have successfully split a signal pulse into
two parts that propagating in the same direction at a
controllable storage time. As the signal pulse is simulta-
neously stored in the two spinwave excitations which are
phase preserving with each other [18], the two splitting
photon components are in coherence. Thus to retrieve
the two components at the same time, the control fields
need to meet the relative phase of the two spinwave ex-
citations; otherwise, the spinwave excitations would re-
main in the atoms. This would provide us a method to
modulate pulse shape of the stored signal photons.
As we know theoretically for the tripod-EIT configu-
ration, the other orthogonal spinor polariton is
Ψ⊥=
√
N(cosφe−iϕ
0
c2 σˆbc1−sinφe−iϕ0c1 σˆbc2), (3)
which doesn’t interact with the signal pulse Eˆs and〈
Ψ⊥|Ψ〉 = 0. If laser power of the two control fields
keeps constant during the storage and retrieval pro-
cesses, but frequency detuning of them are different, that
δc1 − δc2=2δc, δc1 + δc2=2δs, evolution of the two spin-
wave excitations satisfies
− i∂Ψ
∂t
=(δs − δc cos 2φ) Ψ+δc sin 2φΨ⊥. (4)
When we change the relative phase of the two control
fields, the polaritons Ψ and Ψ⊥ would be transformed,
similar to the optical waveplate rotation. Only the com-
ponent that in phase with the control fields could be re-
leased out of the atomic medium. Assuming δs=0 MHz,
δc 6= 0 MHz and |Ωc1|= |Ωc2|, the two atomic excitations
alternately evolve into each other, and would create a
temporal oscillation of the retrieved signal pulse with an
oscillating period of 2pi/δc.
To identify such temporal modulation of the signal
pulses, in the following experiment we set the two control
fields in opposite frequency detuning, that δc1 =−δc2 =
δc. As {δc1, δc2} 6= 0 MHz, the storage efficiency would
become smaller than that of resonance. But when the
detuning is small, the oscillating period is large com-
pared with the retrieved pulse width and no obvious pulse
shaping is observable in such a situation. Considering
these two factors, we choose the detuning δc of 2 MHz
and both of the control laser power about 100µW. The
control fields are simultaneously on during the storage
and retrieval processes. And we observe the polariton
interference in the two processes. The temporal oscilla-
tion of the retrieved signal pulse is shown in Fig. 4(a) for
40.0 0.4 0.8 1.2 1.6t(µs)
Ph
oto
n n
um
be
r p
er 
pu
lse
0.0 0.3µs0.2µs
0.5µs
0.4µs
0.8µs
0.7µs0.6µs
(a) 2.0x10-4
1.5
1.0
0.5
0.0 0.5 1.0 1.5 2.00.00
0.01
0.02
0.03
0.04
0.05 1µs
5µs
Ph
oto
n n
um
be
r p
er 
pu
lse
δc(MHz)
(b)
Figure 4. (color online). (a) Pulse shape oscillation of the re-
trieved signal photons for various storage time (0.2− 0.8) µs,
while setting the control field detuning δc = δc1 = −δc2 =
2.0 MHz. The period of the temporal oscillations is about
0.25µs; (b) Statistics of the retrieved signal photon counts
per pulse while changing the control fields’ detuning δc at the
storage time of 1µs (black square) and 5µs (red circle). The
y-axis is the sum of the signal photons within the initial 200 ns
time interval of the retrieved pulse.
different storage time 0.2−0.8µs. The signal pulse ex-
hibits series of maxima and minima intensity oscillation,
and the beating period is about 250 ns. Because the sta-
tionary atomic excitations and the control fields would
accumulate a phase difference δcT during a storage time
T , pulse shape of the retrieved signal photons are the
same at the storage time τ µs and (τ+0.25n) µs (n=1, 2,
3...). This shows that the stored phase information and
coherence is preserved in the atomic medium. By fine ad-
justment of the control fields’ amplitude and phase, the
beating signals would be more obvious, and the destruc-
tive points could reach zero. Such waveform modulation
may allow us to retrieve a sequence of Gaussian-like wave
pulses with equal pulse width, more than just two pulse
splitting discussed above.
For certain storage time T , the phase shift δcT varies
with the control field detuning δc. Thus at the begining
of the retrieval process, the starting in-phase component
of the spinwave excitations periodically oscillates while
sweeping the frequency detuning δc, and the temporal
oscillation would start with a different pulse amplitude.
In Fig. 4(b), we sum the photon counts over the initial
200 ns interval of the retrieval signal pulse after a stor-
age time 1µs and 5µs, while sweeping the control field
detuning δc from 0 MHz to 2 MHz. The photon counts
are oscillating with the control field detuning, with a fre-
quency oscillating period 1/2T . As shown in Fig. 4(b),
the maximum point of the retrieved photon counts is not
under the resonant condition δc=0 MHz. This is because
the different AOM (acousto-optic modulator) switching
time of the two control light results in an additional phase
shift δφc∼0.78pi between the two spinwave components.
For long coherence lifetime of the EIT memory, we could
obtain much higher resolution of the frequency difference
δc, which may be useful in precise frequency measure-
ment and metrology.
In conclusion, we have experimentally studied the
propagation and storage of single-photon-level pulses in
a tripod-type EIT medium. We achieved time-bin split-
ting of a signal pulse that is stored in two collective spin-
wave excitations. The splitting ratio and temporal sep-
aration are highly controllable. By changing frequency
detuning of the two control fields, we have further ob-
served both the temporal and frequency-domain inter-
ference for the retrieved signal pulses. Such waveform
modulation hasn’t been done in other tripod-type exper-
iments, and is rather feasible to generate shaped pho-
tonic pulses. This technique would be useful in efficient
quantum interference between photons and their interac-
tions with atoms. By improvement of the memory effi-
ciency [27] and the coherence lifetime [28, 29], a better
performance of the experimental results would be achiev-
able. This work paves a way for the interface with other
type of single-photon sources like quantum dots [30] and
narrowband SPDC [31] etc. Furthermore, with similar
methods it is also possible to realize a pulse combiner
of the time-bin qubits. We believe that manipulation of
narrowband single-photon temporal modes in the tripod-
EIT system would have potential applications in quan-
tum information processing and time-bin based quantum
communication [24–26].
Note added.−After completing this work we became
aware of a related experiment with a double-tripod spinor
system by Lee et al. [32].
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